In large molecular structures, the magnetization of all hydrogen atoms in the solute is strongly coupled to the water magnetization through chemical exchange between solvent water and labile protons of macromolecular components, and through dipole-dipole interactions and the associated ''spin diffusion'' due to slow molecular tumbling. In NMR experiments with such systems, the extent of the water polarization is thus of utmost importance. This paper presents a formalism that describes the propagation of the water polarization during the course of different NMR experiments, and then compares the results of model calculations for optimized water polarization with experimental data. It thus demonstrates that NMR spectra of large molecular structures can be improved with the use of paramagnetic spin relaxation agents which selectively enhance the relaxation of water protons, so that a substantial gain in signal-to-noise can be achieved. The presently proposed use of a relaxation agent can also replace the water flip-back pulses when working with structures larger than about 30 kDa. This may be a valid alternative in situations where flip-back pulses are difficult to introduce into the overall experimental scheme, or where they would interfere with other requirements of the NMR experiment.
Introduction
During the last decades, NMR structure determination and various NMR applications for the biophysical characterization of proteins and nucleic acids with molecular weights up to about 30 kDa have become standard procedures (Wu¨thrich, 1986; Bax and Grzesiek, 1993; Kay, 1997; Wider, 1998; Wu¨thrich, 2003) . For structures of higher molecular weight, NMR studies are more difficult, mainly because of fast transverse spin relaxation due to slow molecular tumbling (Brownian motion). In the last few years, NMR techniques for large molecules have been developed, which improve the quality of the spectra through optimization of transverse relaxation during evolution and acquisition times (TROSY) (Pervushin et al., 1997; Wu¨thrich and Wider, 2003) , and through the use of both cross correlated relaxation-induced polarization transfer and relaxation optimization during magnetization transfer steps (CRINEPT) (Riek et al., 1999) in multi-dimensional NMR experiments. Combined with perdeuteration of the non-labile proton positions of the macromolecule (LeMaster, 1994) , these techniques have so far enabled studies with molecular sizes up to 870 kDa (Fiaux et al., 2002) .
In typical NMR samples of proteins in aqueous solution, the water concentration is about 50,000-fold higher than the concentration of the macromolecule, and the correspondingly large intensity of the water resonance needs special consideration in NMR experiments. A common method of dealing with the solvent magnetization is presaturation of the water resonance (Wider et al., 1983) . Since water protons undergo chemical exchange with labile protons of proteins and nucleic acids, i.e., oxygen-or nitrogen-bound protons that are not involved in hydrogen bonds, saturation of the water resonance leads to simultaneous saturation of these protons (Grzesiek and Bax, 1993; Wang et al., 1996) . In large molecular structures, spin diffusion efficiently transfers the saturation from labile protons further to non-exchangeable hydrogen atoms, thus reducing their signal intensities and leading to a general deterioration of the NMR spectra (Akasaka et al., 1978; Stoesz et al., 1978) . This general signal loss can be minimized by maintaining a high steady-state water polarization throughout the experiment, which is usually achieved using selective ''flip-back'' pulses on the water resonance (Grzesiek and Bax, 1993). Similar effects have been observed between the aliphatic proton resonances and the remainder of the spectrum in fully protonated large molecular systems (Akasaka et al., 1978) , and it has been demonstrated that pulse sequences avoiding saturation of the covalently bound aliphatic protons yield more signal (Pervushin et al., 2002) .
The presently available water flip-back techniques would have improved efficiency if the longitudinal relaxation time T 1 of the solvent water protons could be substantially reduced without significantly affecting the relaxation times of the nuclei in the macromolecular solute (Otting, 1997) . This paper investigates the application of selective relaxation agents to maintain a large water polarization, and a formalism describing the propagation of water polarization during the course of different NMR experiments is presented and experimentally validated. The increase of the signal intensity in very large macromolecular solutes by adding a suitable concentration of the relaxation agent Gd(DOTA) (Chang et al., 1993) is demonstrated with the 800 kDa chaperonin GroEL (Xu et al., 1997) . We further propose that experiments for studies of solutes with molecular weights larger than about 30 kDa, which would normally be recorded with water flip-back pulses, can in the presence of suitably selected relaxation enhancement reagents be performed with comparable sensitivity using saturation of the water resonance.
Theory

Propagation of the water polarization
This section presents a formalism to describe the course of the water proton polarization, M z , during a typical NMR experiment consisting of a large number of consecutively recorded scans (Figure 1) . Each scan consists of a sequence of radio-frequency (rf) pulses, delays between these pulses, an acquisition period during which the free induction decay (FID) is recorded, and a recovery period. The water polarizations before and after the pulses of the ith scan,M b; i z andM a; i z , are the quantities of interest. If care is taken that the sequence of rf-pulses maintains the water polarization, a certain fraction thereof is left after the pulse sequence,
wherethe value of the ''flip-back ratio'', f, depends on the quality of the water flip-back pulses and is assumed to have a constant value for a given experimental setup. For pulse sequences which do not invert the water polarization, only values of f in the range 0 £ f £ 1 are possible. A short sequence with a small number of flip-back pulses usually results in higher values of f than a long sequence with many such pulses. In experiments with saturation of the water resonance during the pulse sequence, for example, by application of a strong magnetic field gradient on the transverse
